Advances in comparative genomics have provided significant opportunities for analysis of genetic diversity in species with limited genomic resources, such as the genus Lens. Medicago truncatula expressed sequence tags (ESTs) were aligned with the Arabidopsis thaliana genome sequence to identify conserved exon sequences and splice sites in the ESTs. Conserved primers (CPs) based on M. truncatula EST sequences flanking one or more introns were then designed. A total of 22% of the CPs produced polymerase chain reaction amplicons in lentil and were used to sequence amplicons in 175 wild and 133 domesticated lentil accessions. Analysis of the sequences confirmed that L. nigricans and L. ervoides are well-defined species at the DNA sequence level. Lens culinaris subsp. odemensis, L. culinaris subsp. tomentosus, and L. lamottei may constitute a single taxon pending verification with crossability experiments. Lens culinaris subsp. orientalis is the progenitor of domesticated lentil, L. culinaris subsp. culinaris (as proposed before), but a more specific area of origin can be suggested in southern Turkey. We were also able to detect the divergence, following domestication, of the domesticated gene pool into overlapping largeseeded (megasperma) and small-seeded (microsperma) groups. Lentil domestication led to a loss of genetic diversity of approximately 40%. The approach followed in this research has allowed us to rapidly exploit sequence information from model plant species for the study of genetic diversity of a crop such as lentil with limited genomic resources. Key words: diversity, domestication, Lens, phylogeny, single nucleotide polymorphism
morphologically very similar to each other and very few traits can be considered as diagnostic (Galasso 2003) . Hence, there has been a focus on molecular analysis to dissect inter-and intraspecific relationships. Previous studies of molecular diversity species relationships within Lens have generally shown quite low levels of polymorphism. The outcomes of analyses with several types of DNA-based markers show that Lens species can be readily distinguished and that L. culinaris subsp. orientalis is the presumed ancestor of domesticated lentil (e.g., nuclear anonymous restriction fragment length polymorphisms [RFLPs] : Havey and Muehlbauer 1989 ; rDNA internal transcribed spacers: Mayer and Bagga 2002; Sonnante et al. 2003 ; amplified fragment length polymorphisms: Sharma et al. 1996) . The close molecular relationship between L. culinaris subsp. culinaris and L. culinaris subsp. orientalis confirms earlier observation on morphological traits, chromosomal arrangement, and crossability (Ladizinsky 1999) . However, further information on the genetic diversity of the genus Lens, in general, and on the domestication process of lentil, in particular, is needed to better utilize genetic diversity for conservation and breeding purposes in this crop.
Because lentil lags behind other legumes and cereals in economic significance and has a large genome (4063 Mbp/ 1C, Arumuganathan and Earle 1991) , limited genomic resources have been developed for it so far (but see Tullu et al. 2008; Mustafa et al. 2009; Scippa et al. 2010) . However, more extensive genomic resources exist for several other species in the Fabaceae, such as soybean, Medicago truncatula, Lotus japonica, and Phaseolus vulgaris, and the more distantly related Arabidopsis thaliana (Brassicaceae). Because it is not currently feasible to develop genomic resources for all economically important species, strategies are needed for leveraging resources of model species for genomics of distantly related species for which such resources do not exist.
For instance, wheat represents a species with limited genomic resources within the grass family. To sequence large numbers of gene fragments in wheat and develop single-nucleotide polymorphisms (SNPs), wheat expressed sequence tags (ESTs) were compared with the rice genomic sequence to identify conserved exonic sequences flanking introns in the ESTs (Blake et al. 2004 ). Thousands of conserved primers (CPs) for polymerase chain reaction (PCR) and sequencing of gene fragments were developed for wheat and its relatives (You et al. 2009 ). Because the CPs were based on detection of conserved sequences by family wide sequence comparisons, they are expected to be usable in many other grass species beside wheat and the tribe Triticeae.
Here we report on a test of the assumption that CPs developed by this strategy can be used for genomics of species across the legume family. Specifically, ESTs of M. truncatula and genome sequence of A. thaliana were used for the development of CPs, which were then used for study of nucleotide diversity and phylogenetic relationships in wild and domesticated lentil. M. truncatula (Family: Fabaceae, Subfamily: Papilionoideae; Clade: Hologalegina [cool-season legumes]; Tribe: Trifolieae) is a relatively close relative of lentil (Family: Fabaceae; Subfamily: Papilionoideae; Clade: Hologalegina [cool-season legumes]; Tribe: Fabeae); the 2 genera diverged some 24 million years ago (Ma) (Lavin et al. 2005) . Arabidopsis thaliana (Brassicaceae, Order: Brassicales) is classified into the Malvideae, which is a sister clade of the Fabideae, which includes the order Fabales. We reasoned that exonic regions that are conserved between M. truncatula and A. thaliana are very likely conserved across the entire Fabaceae, including the genus Lens.
The use of model species is predicated in part on their potential role as a source of genomic information for species of lesser or more local importance that include many crops of nutritional importance to humans. For example, information from model species can be used to identify candidate genes underlying important agronomic traits in target species (e.g., Gepts 1993; Horn et al. 2005; Kwak et al. 2008; McClean et al. 2008 McClean et al. , 2010 . Alternatively, sequence information from model species can assist in developing markers based on conserved exon sequences that bracket more variable intron sequences. This approach was first developed in mammalians (so-called CATS [comparative anchor-tagged sequences] markers; e.g., Adjei et al. 2005) and was later applied in plants such as the legumes (e.g., Fredslund et al. 2006; Hougaard et al. 2008) .
In research presented here, we used the intronbracketing marker-development approach to develop information on the organization of genetic diversity in lentil. To this day, there is limited genomic information available for this species. We show here that using sequence information from 2 model species-one in the same botanical family, M. truncatula, and the other in a more distant family (A. thaliana, Brassicaceae)-we can obtain sequence information within lentil. Using this information, variation for SNPs was studied in this crop species. Although SNPs have been shown to reveal high levels of genetic diversity, the use of direct sequencing to detect SNPs generally requires prior sequence information for the target species. The study presented here demonstrates a methodology that does not require sequence information for the target species (lentil in this case) but only ESTs for a related species in the same botanical family (M. truncatula in this case); thus, it makes genomic resources of model species accessible to many species for which such resources have not yet been developed.
Material and Methods

Plant Material
A total of 308 accessions were used in this study (Table 1) . A list of individual accessions, their passport data, and some environmental variables are provided as Supplementary  Table 1 . Seeds of 175 wild and 133 domesticated Lens types were included in this study and were kindly provided by the International Center for Agriculture Research in Dry Areas (ICARDA), Aleppo, Syria. After planting of seeds in a growth chamber, approximately 1 g of leaf tissue was harvested from each accession and freeze-dried in liquid nitrogen. DNA was extracted using the modified hexadecyltrimethylammonium bromide procedure (Murray and Thompson 1980) . DNA extraction was carried out in the Genetic Resources Unit of ICARDA in Syria. DNA samples were quantified using a spectrophotometer at wavelength 260 nm and checked by electrophoresis in 1% w/v agarose gels. DNA sequencing was performed in the Department of Plant Sciences at the University of California, Davis.
Design, Selection, and Testing of PCR Primers
CPs were developed based on sequence comparisons between M. truncatula (a model species for the legume family) and A. thaliana. Sequences anchored in neighboring exons were detected and used to design primers for sequencing of introns and bordering exonic regions of Lens accessions. Medicago truncatula ESTs were downloaded from the M. truncatula database (http://plantta.jcvi.org/). The ESTs were compared with A. thaliana genomic sequence to detect the exon/exon junctions (http://www.ncbi.nlm.nih. gov/BLAST). Approximately 100 primer combinations were designed using the GeneTools primer design program (Beisvag et al. 2006 ) and tested using PCR on lentil. Of these, a total of 22 primer combinations successfully amplified lentil genomic DNA and were chosen for analysis (Supplementary Table 2) .
PCR was performed in a 40 ll reaction volume including 150 ng genomic DNA, 0.2 U/ll AmpliTaq Gold DNA polymerase (Applied Biosystems, Foster City, CA), reaction buffer containing 1.5 mM MgCl 2 and supplemented with 2 mM dNTPs and 20 pmol of each primer. Thermal cycling were performed in a Perkin Elmer 9700 (Applied Biosystems) using the following touchdown regime: 98°C for 5 min, 10 cycles of 10 s 96°C, 5 s at 63°C and 58°C, and 2 min at 72°C. Annealing was carried out starting at 63°C for the first cycle and decreasing by 0.5°C per cycle until the annealing temperature was reached. This was followed by 35 cycles of 20 s 96°C, 20 s at 58°C, and 2 min at 72°C for extension, ending with 10 min at 72°C, and storage at 4°C.
Five microliters of PCR products were treated with 3 ll of ExoSAP-IT reagent (Exonuclease I and Shrimp Alkaline Phosphatase). Three microliters of the treated PCR product was then sequenced from both ends using the same primers as used in the PCR amplification with the BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems). Thermal cycling conditions included 40 cycles with 5 min at 98°C and 1 min at 94°C, 15 s at 50°C, 4 min at 60°C, sequence reactions were precipitated using 3 M Na acetate and 2.5 vols of 100% ethanol. Precipitates were washed once with 70% ethanol, dried, and dissolved in 12 ll of Hi-Di TM Formamide (Applied BioSystems -Life Technologies, Foster City, California). PCR products amplified from genomic DNA templates were sequenced in both directions using an ABI PRISM 3700 sequencer (Applied Biosystems). Base calling and quality trimming of ABI chromatograms was performed with Phred (Ewing et al. 1998 ).
Sequence Analysis
Vector NTI V.9 was used to align the contig assembly. This software package assigns quality scores from ABI trace files and maintains association between individual sequences within contigs and their ABI files. We found this helpful in distinguishing between sequence polymorphisms and sequencing errors generated by poor-quality data. To identify the individual SNPs, we used the software BioEdit V.5.0.6 (Hall 1999 Measures of genetic diversity, linkage disequilibrium (LD), and departures from neutrality (Tajima; Fu and Li) were determined using DnaSP (Librado and Rozas 2009) . Nucleotide diversity p is the average number of nucleotide differences per site between 2 sequences. It is expressed aŝ
where p ij is the proportion of different nucleotides between the ith and jth DNA sequences and n c the total number of sequence comparisons [n(n À 1)/2] (Nei 1987) . Nucleotide diversity h is the number of polymorphic nucleotide sites per nucleotide site and is expressed as h 5N e l, where N e is the effective population size and l is the mutation rate per nucleotide site and per generation (Watterson 1975) . Species relationships were elucidated by the neighborjoining (NJ) algorithm using MEGA software version 4.0 (Tamura et al. 2007 ). Bootstrap analysis was carried out using10 000 randomizations (Felsenstein 1985) .
Results
Sequence Analyses
A total of 22 genes (Supplementary Table 2 ) were sequenced giving a total of 12 817 base pairs per accession (Supplementary Table 3 ). The number of base pairs per locus ranged from 265 to 1082, with an average size of 583. The average number of polymorphic sites per gene was 41, ranging from 11 to 122 (Supplementary Table 3 Table 3 ). Not surprisingly, our results showed, therefore, that nucleotide diversity was 4-5 times greater in introns compared with exons (Supplementary  Table 4 ).
STRUCTURE Analyses
The sample of 308 Lens accessions was subjected to 2 rounds of STRUCTURE analysis, using version 2.3.1 (Pritchard et al. 2000) according to the parameters described in Materials and Methods. In a first round, an analysis was conducted on the sample omitting prior information on taxon membership. The Evanno et al. (2005) Delta K test showed a marked peak at K 5 8 (Supplementary Figure 1) , suggesting that the sample studied actually consisted of 8 subgroups. A bar graph of posterior membership probabilities showed well-separated subgroups, with a low level of admixture, as posterior membership probabilities were well above 90% for a majority of the members in each group (Figure 1 ). Two pairs of subgroups were exceptions to this pattern, namely K2 versus K6 (domesticated) and K5 versus K7 (wild). Each of these pairs showed reciprocal admixture ( Figure 1) .
Inspection of the composition of each of the 8 groups revealed a general correspondence with taxonomic boundaries and status (wild or domesticated) ( Table 2 ). All groups, except K3, were composed primarily of a single taxon. In contrast, the K3 group included all taxa, except domesticated Lens. Nevertheless, there was a majority taxon within K3, namely L. odemensis. Lens culinaris subsp. orientalis, the nearest wild relative of L. culinaris subsp. culinaris, was included in 5 K groups. In 3 of these (K4, K5, and K7), it was the majority component. K4, K5, and K7 showed a differential geographic distribution (Figure 2 ). Group K4 (orientalis-I) was distributed in Central Asia, between Turkmenistan and Tadjikistan. Its distribution did not overlap with those of the K5 (orientalis-II) and K7 (orientalis-III) subgroups. The distribution of the latter groups overlapped in the Levant, that is, Israel, Lebanon, Palestine, western Syria, and part of southern Turkey. Subgroup K5 was partly distributed in eastern Turkey and Syria as well, with one additional accession each from Armenia and Iran. In contrast, subgroup K7 included additional accessions from western and northern Turkey ( Figure 2 ). Domesticated lentil (L. culinaris subsp. culinaris) was included in 2 K groups, K2 (in which it was the only taxon represented) and K6 (in which there was a single exception, an L. ervoides accession) ( Table 2 ). These 2 groups had different, although overlapping, distributions (Figure 3 ). K2 was distributed primarily in southwestern Asia, the Mediterranean and in northeastern Africa (along the Nile valley from Egypt to Ethiopia). In contrast, K6 was distributed in southwestern and southern Asia.
Relationship between K Group Membership and Other Traits
Lens orientalis
Because of their importance in the present study, the K groups containing wild and domesticated L. culinaris were subjected to an additional round of STRUCTURE analysis. Groups K4-orientalis-I, K5-orientalis-II, and K7-orientalis-III, the groups in which orientalis entries formed a majority were subjected to a joint STRUCTURE analysis. According to the Delta K analysis, 3 subgroups could be identified (Supplementary Figure 2) .
The results showed that the K4 group remained separate from the K5 and K7 groups, consistent with its geographic isolation. The K5 and K7 groups were redistributed into 2 new groups, K5K7.1 and K5K7.2, respectively. However, neither of these 2 new groups included members with posterior membership probabilities above 70% (Supplementary Figure 3 ). Thus, this second round of STRUC-TURE analysis did not provide a better separation among orientalis accessions belonging to the K5 and K7 groups but confirmed the distinctness of the Central Asian orientalis accessions compared with their Southwestern Asian relatives.
The availability of passport data for some orientalis accessions provided us with the opportunity to compare local environmental data among the K4, K5, and K7 groups (Table 3) . First, the data showed the distinctness of the environment in which the K4 group was distributed compared with those of the K5 and K7 groups. On average, K4 accessions grew at higher altitude, in an environment with a 3-4°C cooler maximum and minimum temperature and overall less aridity (at least compared with the K7 group). The environmental differences between K5 and K7 subgroups were much smaller. The K5 group grew in environments that had on average a 1°C lower maximum temperature and were slightly less arid (Table 3) .
Lens culinaris
The domesticated members included in the K2 and K6 subgroups had a geographic distribution that was reminiscent of the subdivision identified previously on the basis of seed weight, namely the megasperma (larger seeded) and microsperma (smaller seeded) groups (e.g., Chahota et al. 2007) . To determine whether the K2-K6 subdivision corresponded to the megasperma-microsperma distinction, seed weight data were obtained for accessions included in the 2 subgroups (K2: n 5 55; K6: n 5 75). Subgroup averages Figure 1 . STRUCTURE analysis of DNA sequence haplotype variation among 308 Lens accessions. (±standard deviation) were similar: 3.93 g/100 seeds ± 1.14 for K2 and 3.68 g/100 seeds ± 1.22 for K6. This difference was not statistically significant according to a two-tailed (P 5 0.23) or a one-tailed t-test (P 5 0.11). A closer examination of the seed weight distribution revealed, however, a difference between the 2 groups ( Figure 4 ). Whereas the K6 group was more abundant among smaller seed weight classes, the K2 group was represented more frequently in larger seed weight classes. This frequency distribution difference was statistically significant according to a chi-square test (v 2 5 27.13, 7 degrees of freedom; P 5 0.0003). Thus, the distributions of K2 and K6 seed weights showed considerable overlap, but K6 accessions generally included a higher frequency of smaller seeds. The K2 and K6 subgroups, therefore, correspond approximately to the megasperma (K2-culinaris-M) and microsperma (K6-culinaris-m) groups, respectively.
Sequence Divergence and Diversity in Relation to STRUCTURE K Groups
After alignment and concatenation as described in the Materials and Methods, the sequence diversity and divergence were analyzed within and among K groups identified by STRUCTURE (Pritchard et al. 2000) . Using the MEGA software, version 4.1 (Tamura et al. 2007 ; available at http:// www.megasoftware.net/), the number of base substitutions per site was calculated using the Kimura 2-parameter method (Kimura-2, henceforth). All positions containing gaps were eliminated from the data set, resulting in a total of 11803 positions in the data set.
The values of the Kimura-2 distances among K groups were generally as expected (Table 4) . For example, L. nigricans was the most distant taxon to L. culinaris, followed by L. ervoides (Table 4 and Supplementary Figure  4) . Divergence among the other taxa, including wild and domesticated lentils, was less marked. Whereas the overall nucleotide diversity (p) was 0.00892, there was also variation among K groups with p ranging from 0.00248 in K2 (culinaris-M) to 0.00751 in K7 (orientalis-III) ( Table 5 ). The most diverse group (as measured by p) was K3, which included all wild taxa represented in this study. The 2 orientalis groups most likely involved in lentil domestication (K5, orientalis-II and K7, orientalis-III) had the next highest diversity, possibly due to the large number of accessions they included. In contrast, the 2 domesticated groups (K2, culinaris-M and K6, culinaris-m) had some of the lowest diversity levels compared with other K groups, in spite of their larger membership (Table 5 ).
An analysis of LD in the entire set of 308 sequences was carried out using only parsimony informative polymorphic sites (652 sites of a total of 11 803 sites after excluding sites with gaps). There were no significant pairwise comparisons identified using Fisher's Exact test. Thus, LD appears to be minimal to nonexistent in the entire set. Furthermore, tests of departure from neutrality failed to reveal signatures from selection. Tajima's D was À0.99 (not significant [ns], P . 0.10). Fu and Li's D* and F* statistics were À1.95 (ns, 0.10 . P . 0.05) and À1.69 (ns, P . 0.10), respectively.
Sequence Divergence and Diversity in Relation to Domestication of Lentil
Because of a more specific interest in the domestication process, a more detailed analysis of the relationships among 5 K groups was conducted. The 5 groups included wild and domesticated Lens culinaris: K4 (orientalis-I), K5 (orientalis-II), K7 (orientalis-III), K2 (culinaris-M), and K6 (culinaris-m). The K4 group (orientalis-I from Central Asia) was most likely not involved in lentil domestication because the DNA sequence distances of K4 to the 2 domesticated subgroups K2 and K6 were larger than those of K5 (orientalis-II) and K7 (orientalis-III) to K2 and K6 (Table 6 ). On the basis of the same distance, the K2 subgroup (culinaris-M) may have originated either from K5 or K7 as current data, based on concatenated sequences, show similar distances between K2 and the 2 orientalis subgroups. In contrast, the K6 subgroup (culinaris-m) may have originated from K7 as the K2-K7 distance is smaller than the K2-K5 distance (Table 6 ). An analysis of the remaining groups-K5 and K7 for orientalis and K2 and K6 for culinaris-by an NJ tree further confirmed the separation of the K2 and K 6 groups ( Figure 5) . However, the K5 and K7 groups were more difficult to distinguish in this analysis. Thus, it is difficult to determinate at this stage whether the large-and small-seeded domesticated races resulted from separate domestications or, alternatively, from a single domestication followed by divergence post-domestication. Further analyses are needed to distinguish among these different domestication scenarios. Based on this observation, the K4 subgroup was not considered in further analysis and discussions about the domestication process in L. culinaris. The 2 remaining orientalis groups (K5 and K7) were pooled into a Wild (W) ancestral group and the 2 culinaris groups were pooled as well into a single Domesticated (D) group. Comparison of nucleotide diversity (p) in the W and D groups showed a marked reduction (42%) in the latter group (Table 7) . Using Watterson's theta (h W ), there was a 67% decrease in genetic diversity. Surprisingly, however, the number of haplotypes observed was larger in the D group compared with the W group.
Further analyses using the NJ algorithm were conducted to attempt to clarify the relationship among the 2 domesticated groups (K2 and K6) and the 2 L. culinaris subsp. orientalis groups directly implicated in lentil domestication (K5 and K7). Addition of a randomly chosen L. nigricans accession (157nigTURK10) as outgroup did not provide a different picture of the relationship among the 4 K groups (data not shown). In addition, removal of accessions with posterior membership coefficients below 0.95 in their respective K groups-to remove putative hybrids-had the disadvantage of removing most of the K5 or K7 accessions. Removal of accessions with posterior membership coefficients below 0.90 led to larger numbers of remaining K5 and K7 accessions. The resulting NJ tree ( Figure 5 ) showed a separation between the 2 domesticated groups (K2-culinaris-M and K6-culinaris-m). It also revealed a small group of 3 orientalis accessions from the K7 group that were most closely related to the domesticated group and originated from southern Turkey: 297oriTURK7, 298oriTURK7, and 299oriTURK7. The geographic proximity of these 3 populations suggests a possible domestication core area in southern Turkey from the K7 orientalis group ( Figure 2B ).
LD and Neutrality Analysis on Concatenated Sequences
An LD analysis was conducted on the sample that included the W and D groups (Supplementary Table 5 ). This analysis considered only the 358 parsimony informative polymorphic sites of a total of 11 929 sites. Results showed that 9 797 of 63 903 pairwise comparisons (15%) were significant using Fisher's Exact test, of which 867 (1.4%) were still significant after Bonferroni correction. A separate analysis of the W and D groups shows a 10-fold increase in LD from the W to the D group (0.6 to 6.2%), as measured by the proportion of pairwise locus comparisons that were statistically significant after application of Fisher's Exact test and Bonferroni correction. This increase in LD in the D group relative to the W group is to be expected given the recent domestication of lentil and the prevalence of selection (Bulmer 1971 ) and drift (Avery and Hill 1979) during and after domestication.
Measures of departure from neutrality were determined for the entire W þ D sample and for the W and D samples individually. Results suggest some effects of selection in the current sample based on the variation of 22 genes in 207 accessions (Supplementary Table 5 ). Only the Fu and Li D* and F* parameters were statistically significant in the combined W þ D sample, whereas all parameters were nonsignificant in the W and D samples, individually. This observation suggests that no strong selective effect could be observed in this sequence sample.
Discussion
The legume family is one of the largest botanical families with some 20 000 species. Several of these, located mostly in the Papilionoideae subfamily, have economic importance principally as food and feed sources. Because of practical reasons, the development of genomic resources in the legume family has been focused on only 3 model or Figure 4 . Seed weight distribution differences between STRUCTURE groups K2 (black) and K6 (white).
reference species . These include soybean (Glycine max) for the warm-season group, which comprises species such as beans (Phaseolus spp.), cowpea (Vignaunguiculata), mung bean (Vignaradiata), and pigeon pea (Cajanuscajan), and M. truncatula and Lotus japonicus for the cool-season group, which includes alfalfa (Medicago sativa), pea (Pisumsativum), chickpea (Cicerarietinum), and lentil, among others. Medicago truncatula is phylogenetically the closest model species to lentil from which it diverged some 24 Ma (Lavin et al. 2005) . Arabidopsis thaliana, the other model species used in this study, belongs to the Brassicaceae (Eurosid II), which have diverged from the Eurosid I (including the Fabaceae) some 100-110 Ma (Fawcett et al. 2009 ). Thus, the CP method, as used here, employed 2 model species, M. truncatula and A. thaliana, that are more distantly related to each other than species within the Poaceae family, as used by Blake et al. (2004) . Moreover, CPs were used for PCR and sequencing of a species separated from M. truncatula, the source of EST sequence information, by 24 million years of divergence (Lavin et al. 2005) . In spite of this, 22% of CPs produced amplicons in Lens and could be used as sequencing primers in 308 lentil accessions. Because this strategy does not require prior sequence information for the target species (lentil, in this case), but only ESTs from a related species in the same botanical family (M. truncatula, in this case), it makes genomic resources of model species accessible to many species for which such resources have not yet been developed. These results provide the first extensive sampling of genetic diversity at the DNA sequence level in domesticated and wild lentils. For the sake of brevity, only the p values will be discussed as the h values provide a similar picture. Overall, our lentil sample of 308 accessions and 22 genes showed a sequence diversity of p of 8.92 Â 10 À3 (Table 5) . Because experiments to measure sequence diversity vary in the number and types of sequences and plant accessions involved as well as the reproductive biology of individual species, it is difficult to compare this value with those of other species; however, it is roughly similar to those observed in other legume species (McClean et al. 2004; Hyten et al. 2006; Jing et al. 2007; McClean and Lee 2007; Gaitán-Solís et al. 2008; Yuan et al. 2008; Chen et al. 2010) .
The subset of this lentil sample grouping K5 þ K7 (wild orientalis directly implicated in domestication) and K2 þ K6 (domesticated L. culinaris) had on overall value of p 5 5.35 Â 10 À3 . Domestication induced a reduction in genetic diversity of approximately 40% (Wild: p 5 6.7 Â 10 À3 ; Domesticated: p 5 3.91 Â 10 À3 ). This reduction in genetic diversity confirms earlier observations in lentil (Pinkas et al. 1985; Ferguson et al. 1998) . Loss of diversity along with an increase of LD are the most widespread characteristics of crop domestication. Similar observations have been made in many other crop species, such as common bean (Gepts et al. 1986 ), soybean (Hyten et al. 2006) , tomato (Tanksley and McCouch 1997) , cereals (Buckler et al. 2001; Wright et al. 2005; Luo et al. 2007; Haudry et al. 2007 ), purple mombin (Miller and Schaal 2006) , and sunflower (Liu and Burke 2006) .
Intronic regions are expected to have higher levels of diversity than exonic regions as they are less likely to undergo natural selection (e.g., Kreitman 1983) . The higher sequence diversity observed among introns compared with exons in our sample is consistent with results from studies on Arabidopsis, soybean, and Drosophila (Moriyama and Powell 1996; Kawabe and Miyashita 1999; Kawabe et al. 2000; Kuittinen and Aguade 2000; Zhu et al. 2003) . Such results indicate that studying DNA sequence variation in these regions will likely uncover high amounts of genetic diversity not found using other methods and supports the CP approach of designing PCR primers in more conserved exons, which bracket more polymorphic introns.
The NJ dendrogram constructed from the Kimura-2 genetic distance among the 308 lentil accessions indicated that L. nigricans and L. ervoides were well separated from each other and the other taxa (Supplementary Figure 4) . Most accessions belonging to the L. culinaris subsp. odemensis and tomentosis and L. lamottei taxa were grouped in a single clade distinct from the other branches in the tree, suggesting that the current taxonomic status of these taxa should be revisited in combination with crossability analyses to possibly incorporate them into a single taxon, as a single subspecies of L. culinaris or as a separate Lens species (Supplementary Figure 4) . Domesticated lentil was most closely related to L. culinaris subsp. orientalis, generally supporting the idea that L. culinaris subsp. orientalis is the wild progenitor of domesticated lentil and that the 2 taxa are subspecies of the same species, L. culinaris (Ladizinsky 1999; Ferguson et al. 2000) . This conclusion had been reached by previous studies using morphological, cytological, isozyme, RFLP, and chloroplast DNA (cpDNA) data (Havey and Muehlbauer 1989; Sammour 1994; Abo-elwafa et al. 1995; Sharma et al. 1995; Ahmad and McNeil 1996; Ford et al. 1997; Van Oss et al. 1997; Ferguson et al. 2000; ZimniakPrzybylska et al. 2001; Galasso 2003) . The interspersion of the culinaris and orientalis branches in the NJ tree (Supplementary Figure 4) is probably due to outcrossing events between the 2 conspecific taxa. Average outcrossing levels ranging from 2.2% to 6.6% have been documented in domesticated lentil by Erskine and Muehlbauer (1991) . Horneburg (2006) recorded a range of average outcrossing between 0.06% and 5.12% among cultivars. Outcrossing rate varied according to location and Figure 5 . NJ tree of DNA sequence variation in wild (K5 þ K7) and domesticated (K2 þ K6) lentils, including only accessions with posterior membership probabilities in their respective K groups above 0.90. year as well. Furthermore, variation for outcrossing rate also varied among plants within individual varieties (0-22.2%). Hence, although lentil is a predominantly self-pollinating species, outcrossing is taking place. The allogamy levels may seem low; however, one should remember that these are single-year direct estimates and that the effects of outcrossing are cumulative. In common bean (P. vulgaris), another predominantly self-pollinating species with similar outcrossing values, cumulative measures of gene flow between wild and domesticated beans reveal that outcrossing can have a significant effect on the genome. For example, there is a 3-fold higher level of gene flow from domesticated to wild beans than in the opposite direction (Papa and Gepts 2003) . Differentiation between the wild and domesticated bean genomes is highly significant around domestication genes but nonsignificant away from these genes (Papa et al. 2005 (Papa et al. , 2007 . Thus, even in predominantly autogamous species, outcrossing is a factor affecting the distribution of genetic diversity within and among populations.
This outcrossing makes the identification of a betterdefined center of domestication more difficult. In an attempt to resolve this situation, STRUCTURE was run on those accessions with a membership coefficient above 90%. The outcome of this analysis ( Figure 5 ) suggests that a putative center of lentil domestication may be located within a defined region in southern Turkey extending from Denizli in the southwest to Antakya in south-central Turkey ( Figure 2B) . A domestication region in Turkey and northern Syria had already been suggested by Ladizinsky (1999) . However, our results allow us to hypothesize a more circumscribed region within Turkey. This region does not overlap with but is adjacent to the presumed core domestication area proposed for some of the founder crops of the Southwest Asian domestication center, that is, the Fertile Crescent (Abbo et al. 2010) . The core area, located in the KaracaDag˘range near Diyarbakir in southern Turkey, would have been the domestication hearth of einkorn (Heun et al. 1997 ) and emmer (Ö zkan et al. 2002; Luo et al. 2007) wheat, chickpea (Abbo et al. 2003) , and lentil (Ladizinsky 1999) . How can this discrepancy be explained? First, it is possible that the distribution of the wild relatives of the different crop species and of their genetic diversity may have changed over the millennia since domestication. Although data suggest that environmental conditions have remained quite similar in the Holocene in this region (Abbo et al. 2010 and references therein; Willcox 2005) , more subtle differential eco-geographic changes among the wild relatives may have obscured any original geographic correspondence in the domestication areas. This situation suggests caution when attempting to locate and compare presumed domestication areas of different crops in a center of origin, such as the Fertile Crescent. This is especially the case of lentil for which the actual number of L. culinaris var. orientalis accessions analyzed at the molecular level prior to this study is very limited (Mayer and Soltis 1994; Ladizinsky 1999) . Of the 4 L. culinaris var. orientalis accessions analyzed 3 had a cpDNA matching that of the domesticated gene pool, were crossable with a domesticated accession, and showed similar chromosome structure to that of domesticated lentils. The geographic origin of the 3 accessions led Ladizinsky (1999) to propose a domestication origin in central and south Turkey, as well as northwestern Syria. Although germplasm passport information is incomplete, 2 of the L. culinaris var. orientalis accessions studied by Ladizinsky (1999) may be included in this study based on similar geographic origins: 307oriTUR corresponding to Lo77 (ICARDA IG136671; from the vicinity of Tokat, Turkey) and 143oriSYR corresponding to Lo156 or Lo157 (ICARDA IG72772; from the vicinity of Idlib, Syria). Neither, however, belonged to the proposed ancestral group. The small number of wild accessions analyzed by Mayer and Soltis (1994) and Ladizinsky (1999) cannot preclude a domestication elsewhere. Thus, cpDNA, crossability, and chromosome structure studies should be extended to a broader sample of L. culinaris var. orientalis, including the 3 accessions identified in the putative domestication area in this article.
Second, a reexamination of results sheds doubt about the existence of a narrow core area within the Fertile Crescent in southern Turkey as the actual center of agricultural origin in this area of the world (Lev-Yadun et al. 2000; Abbo et al. 2010) . This core area would be centered on the KaracaDagȓ egion west of Diyarbakir, Turkey. The main arguments that have been advanced in favor of this location include genetic relatedness based on neutral markers, the current distribution of the wild progenitor of some of the 7 so-called founder crops, and the existence of archaeological sites containing archaeobotanical remains in the same general area. Heun et al. (1997) first identified a closer genetic relationship of the Triticum monococcum var. boeoticum population from the KaracaDag˘region with T. monococcum var. monococcum or einkorn, the domesticated descendant, compared with other T. monococcum var. boeticum populations. They interpreted this closer relationship as evidence that the KaracaDag˘region is a putative center of domestication of einkorn. However, these same results also show that the KaracaDag˘population is an outlier among T. monococcum var. boeticum populations (see Figure 2A of Heun et al. 1997) and is genetically intermediate between T. monococcum var. boeticum and var. monococcum populations (see Figure 2B ,C of Heun et al. 1997 ). An alternative explanation to the ancestordescendant relationship is, therefore, that the KaracaDagp opulation results from outcrossing between wild and domesticated T. monococcum. In a later article, Kilian et al. (2007) invoke multiple domestications to account for the high levels of genetic diversity in einkorn. Multiple outcrosses over an extended time could also account for the absence of reduction in genetic diversity in einkorn domestication, which contrasts with the genetic bottleneck that is generally observed in crop domestication (Gepts 2004) . As argued earlier in this Discussion, even modest outcrossing levels (as have been observed in einkorn, Zohary and Hopf 2000) can have detectable effects in the distribution of genetic diversity within a genome and among populations. The absence of morphological hybridity symptoms is a weak indication for the absence of outcrossing as selection can act to eliminate such low-fitness traits (Papa et al. 2005) .
Genetic relatedness data for emmer wheat (T. turgidum) presents contradictory evidence on the domestication origin of this crop (Mori et al. 2003; Ö zkan et al. 2005; Luo et al. 2007 ). While nuclear markers point to the KaracaDagȓ egion, chloroplast markers point to the KartalDag˘i region further west in southern Turkey. It is to be noted that the KartalDag˘i region is adjacent to the location of the easternmost population proposed in this study as a putative ancestor of domesticated lentil.
Whereas many wild progenitors of Fertile Crescent have an extensive distribution (e.g., barley, pea, wheat), the presumed chickpea progenitor (Cicer reticulatum) has a distribution limited to the headwaters of the Tigris and Euphrates (Zohary and Hopf 2000) . Because this distribution area includes the KaracaDag˘region, Lev-Yadun et al. (2000) used this distribution as an argument in favor of a core domestication area centered in the KaracaDag˘region. More recently, Abbo et al. (2010) observed that 6 of 7 of the founder crops had wild relatives growing sympatrically south of the KaracaDag˘region around Mardin. Although the presence of a wild ancestor is an obvious necessary condition for domestication, it is not a sufficient condition. Furthermore, one could question the need for domesticating more than one cereal or grain legume (pulse) in the same region, given the contrasting agronomic and nutritional functionalities of the 2 types of crops. Other factors must play a role in determining the actual domestication areas, including behavioral, ecological, cultural, social, and political ones, to drive the transition from hunting-gathering to cultivation and, ultimately, domestication. An important aspect here is the well-documented trade and other sociocultural interactions that existed in the Neolithic in the Fertile Crescent (Willcox 2005; Abbo et al. 2010) . Trade and communications would have facilitated the exchange of ideas about cultivation and the introduction of crops, leading up to the establishment of complex crop production systems in fully developed agricultural economies.
Third, a similar situation exists in the Mesoamerican center origin, where bean and maize were presumably domesticated in 2 different, albeit adjacent regions in western Mexico, the Lerma-Santiago (Kwak et al. 2009 ) and Balsas river basins (Matsuoka et al. 2002) , respectively. Given that wild beans and maize have overlapping distributions and can occasionally be observed growing together (Delgado-Salinas et al. 1988 ) and bean-maize associated cropping is widespread, the question arises as to how the maize-bean (-squash) trilogy became widely established as a consequence of the transition from hunting-gathering to agriculture. Current data suggest that a geographic overlap of domestication area may not be necessary. However, Zizumbo-Villarreal and Colunga-García Marín (2010) have pointed out that the presumed bean and maize domestication areas show commonalities in geological (morpho-tectonic) and ecological (tropical dry forest) contexts. Thus, geographically distinct domestications can lead to a single cropping system, the milpa system in this case.
On the whole, the available evidence suggests that the present data on lentil domestication origin favor a polycentric view (Gebel 2004; Willcox 2005) of crop domestication in the Fertile Crescent and Mesoamerica. Given the multiplicity of factors, it is likely that this crucial transition followed different trajectories in different regions within centers of agricultural regions. Finally, the method described here has uncovered additional genetic diversity in the genus Lens and promises to be a very effective method for studying diversity of germplasm collections and obtaining additional insights into the domestication of lentil. Even with this small number of gene sequences, the NJ tree has clustered accessions into natural groups. The addition of more gene sequences and accessions from neighboring regions holds the promise to further subdivide the clusters and shed light on relationships among the accessions and allow for detection of admixture. Such data, combined with information on past human migration and trade, will provide valuable insights into lentil domestication.
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